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To better  understand  the  mechanical  properties  of  marble  at Jinping  II hydropower  station,  this  paper
examines  the  changes  of  brittle  rocks  in excavation  damaged  zones  (EDZs)  before  and  after  excavation
of  tunnel  with  the tunnel  boring  machine  (TBM).  The  paper  attempts  to  employ  the  acoustic  emission
(AE)  to study  the  AE  characteristics  and  distribution  of  rockburst  before  and  after  TBM-excavated  tunnel.
It is  known  that  the  headrace  tunnel  #2,  excavated  by the  drill-and-blast  (D&B)  method,  is ahead  of the
headrace  tunnel  #3  that  is excavated  by  TBM  method.  The  experimental  sub-tunnel  #2–1,  about  2000  m
in  depth  and  13  m  in  diameter,  between  the  two tunnels  is scheduled.  In the  experimental  sub-tunnel
#2–1,  a large  number  of  experimental  boreholes  are  arranged,  and  AE sensors  are  installed  within  10 m
apart  from  the  wall  of  the headrace  tunnel  #3.  By  tracking  the  microseismic  signals  in  rocks,  the  location,
frequency,  quantity,  scope  and  intensity  of the  microseismic  signals  are  basically  identiﬁed.  It is  observed
that  the  AE  signals  mainly  occur  within  5 m  around  the rock  wall,  basically  lasting  for one  day before
tunnel  excavation  and  a week  after  excavation.  Monitoring  results  indicate  that  the  rockburst  signals  are
closely  related  to rock  stress  adjustment.  The  rock  structure  has  a rapid  self-adjustment  capacity  before
and  after a certain  period  of time  during  tunneling.  The  variations  of  rock  stresses  would  last  for  a long
time  before  reaching  a ﬁnal  steady  state.  Based  on this,  the site-speciﬁc  support  parameters  for  the  deep
tunnels  can  be  accordingly  optimized.
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u. Introduction
Acoustic emission (AE) is quick release of energy at a local source
n a material and in a form of transient elastic waves, which is also
nown as stress wave emission (Katsuyama, 1996). In a natural
tate, any point in rocks is basically in the state of force equilib-
ium. However, stress redistribution occurs after rock excavation,
nd new stress ﬁelds are regenerated in the surrounding rocks.
hus stress adjustment makes rocks more discontinuous and het-
rogeneous. This process is accompanied with rock energy release,∗ Corresponding author. Tel.: +86 13857157449.
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uring which AE signals are produced (Drouillard, 1979; Lockner,
993).
For deep and long tunnels excavated by tunnel boring machine
TBM), rock excavation is a hot issue, where fault zone, rock-
urst, water inrush, karst cave-in, water-eroded cave, and swelling
ocks may  be involved. Through AE monitoring during TBM tunnel-
ng in the marble of Jinping II headrace tunnels, the location and
requency of micro-fractures are investigated, which are helpful
or optimization design of support parameters. The AE monitor-
ng is also helpful for analyzing in situ stresses of rocks, and for
nderstanding mechanical properties of brittle marbles and sup-
ort mechanism. According to the intensity and activity of AE
ignals, early-warning prediction of geological hazards during tun-
el excavation can be carried out (Li et al., 2004; Wu and Wang,
011).
In AE monitoring, the measuring points are arranged in
arious boreholes in the experimental sub-tunnel #2–1, and three-
imensional (3D) positioning is conducted to locate the AE events.
herefore the variation characteristics and relaxation depth of
urrounding rocks before and after TBM excavation can be well
aptured. This paper aims to locate the region of micro-fractures
ccurrence during stress adjustment on the cross-section of the
eadrace tunnels, and to determine the relaxation depth and
 and Geotechnical Engineering 5 (2013) 486–494 487
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elaxation time of the stress in the surrounding rocks of the head-
ace tunnel #3 excavated by TBM.
With careful consideration, the AE monitoring is implemented
nder the site-speciﬁc geological conditions in combination of TBM
nd D&B tunnels. It should be convenient for us to design, assemble
nd retract the equipment, especially for installing and recovering
he AE sensors in deep holes. Using this instrument, the AE events in
ock masses were successfully captured and analyzed on the basis
f complex geological conditions in deep brittle rocks (Zhao et al.,
012).
. Settings of AE monitoring
Due to the high in situ stresses in the deep tunnels of Jinping
I hydropower station, the mechanical responses of rocks in the
eep tunnels are signiﬁcantly different before and after excavation.
o better understand the failure mechanism of deep brittle mar-
les such as rockburst, rib spalling and yield damage, deformation
nd stress of surrounding rocks are measured using comprehen-
ive monitoring technique including AE, ﬁber grating, borehole TV,
nd borehole acoustic wave.
.1. Scopes and advantages of AE monitoring
Generally, the scopes of AE monitoring include (1) positioning
E sources, (2) analyzing the activity of AE sources in order to per-
orm rock failure analysis or to predict rock failure, (3) determining
he time when AE events occur, and (4) evaluating the AE sources.
AE technique has been widely used in many ﬁelds at present.
ince 1980s, AE has been widely applied to monitoring rockbursts
n Canada and USA. Ge (2005) summarized these monitoring expe-
iences. AE was also utilized for tunneling monitoring. As presented
n Talebi and Young (1992), a full-scale AE monitoring was imple-
ented during whole TBM tunnel construction, characterized by
arge scale, long time, massive data and complex geological back-
round.
As is known, the geological condition in Jinping II hydropower
tation has challenging issues. To ensure that the AE monitoring
an be well performed, the SHII-SRM 24 h AE monitoring sys-
em, developed by USA Physical Acoustics Corporation (PAC), with
6-channel and R.45IC-LP-AST-type sensors, is carefully chosen.
heoretically, the built-in magniﬁer can receive AE signals with
requency ranging from 1 kHz to 1 MHz. The sensors are located
xactly in a borehole full of water and by means of specially devel-
ped installing and ﬁxing devices. The boreholes are drilled 30 m
n depth and 95 mm in diameter. This newly invented technique
an successfully address the issues such as coupling between sen-
ors and borehole wall. The free retract or release of sensors can be
ell conducted. Fig. 1 shows the ﬁeld testing and instrumentation
nstallation.
.2. Description of rocks readily for AE installation
The stratum in the experimental section is mainly of thick gray-
hite marble of Yantang formation (T52y) of Middle Triassic. The
urrounding rocks exposed in this section are slightly weathered to
resh, and rock quality varies from poor to relatively good. Accord-
ngly, the surrounding rocks are classiﬁed into grade III according to
tandard for Engineering Classiﬁcation of Rock Masses (GB 50218-94).
he cracks in local structural surface are highly developed.
Two tensional fracture zones, inclining N10◦WN∠75◦, are devel-
ped with a width of 10–40 cm,  ﬁlled with clay and mixture of iron
nd manganese. Collapse in 10–20 cm depth due to tectonic stress
requently occurs on the shoulder and roof of the tunnel in this
a
a
3
FFig. 1. Pictures of ﬁeld testing and instrumentation installation.
egion. Pictures for the AE sensors hole at some sections in different
epths are shown in Fig. 2.
.3. Layout of AE sensors monitoring
The experimental sub-tunnel #2–1 is considered for AE moni-
oring. It is a crossing hole between the headrace tunnels #2 and #3.
hus, by adopting various monitoring instruments embedded, the
E sensors can be deployed to monitor rock performances of the
eadrace tunnel #3 excavated by TBM. After optimization design,
he layout of AE sensors for ﬁeld monitoring of the headrace tunnel
2 is shown in Fig. 3.
The AE sensors are amounted on the cross-sections 11–11 and
2–12. The stake number of the cross-section 11–11 is Y(3)13+425,
nd monitoring boreholes are correspondingly numbered from top
o bottom, A11-11, B11-11 and C11-11. The cross-section 12–12 is
ocated at the stake of Y(3)13+428 with monitoring boreholes num-
ered A12-12, B12-12 and C12-12, from top to bottom. There are
wo sensors arranged in each monitoring borehole and the spacing
etween them is 3.05 m.
Positive direction of the X-axis in the monitoring system is
onsidered as the direction of TBM advancing. The coordinates
f cross-sections 12–12 and 11–11 in the X-axis are 0 mm and
000 mm,  respectively. The Y-axis represents the vertical direction,
nd the Z-axis is the direction of hole-depth. Sensors 1, 3, 5, 7, 9
nd 11 are located in the vicinity of the headrace tunnel #3. The
D relations of the sensors in the operation system are shown in
ig. 4. The relative positions of the sensors and the headrace tunnel
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Fig. 2. Photographs for the AE sensors hole at some sections in different depths
(unit: m).
 (a) Layout of sensors for field AE monitoring.
(b) Fixing AE monitoring sensor.
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Borehole ( =91 mm)
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Sensors
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Fig. 3. Layout and installation of AE monitoring sensors.
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Fig. 4. Location of sensors in the operation system.
The headrace tunnel #3
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Fig. 5. Spatial location of AE monitoring zone.
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Table 1
Schedule of TBM construction.
Step Distance Stake number Date | arrival time
1 −3.5D Y(3)13+469.9 08/12/2009|13:30:00
2 −2.5D Y(3)13+457.5 09/12/2009|16:40:00
3 −1.5D Y(3)13+445.1 12/12/2009|01:30:00
4 −0.5D Y(3)13+432.7 13/12/2009|01:40: 00
5  0 Y(3)13+426.5 13/12/2009|13:30: 00
6  0.5D Y(3)13+420.3 13/12/2009|21:45: 00
7  1.5D Y(3)13+407.9 15/12/2009|02:14: 00
8  2.5D Y 13+395.5 15/12/2009|20:10: 00
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3 after geodetic coordinate transformation are illustrated in Fig. 5
Ge, 2012).
.4. Frequency of the AE monitoring system
The SH-II-SRM AE monitoring system developed by PAC and
he sensors of the R.45IC-LP-AST type employed in this study can
eceive AE burst signals with frequency ranging from 1 Hz to 1 MHz,
nd the frequency of valid signals range from 1 kHz to 50 kHz. In
otal, this monitoring system can mainly receive rockburst signals
ith higher frequency ranging from 1 kHz to 50 kHz theoretically.
. Characteristics of AE signals
.1. Determination of AE velocity
The P-wave velocity of rock masses in the experimental sub-
unnel ranges from 3100 m/s  to 6300 m/s, averaging 4800 m/s. The
ingle-hole acoustic wave velocity in this area is 4600–6700 m/s,
veraging 6100 m/s.
Considering that the scope detected by the sound waves from
 single hole is smaller than that the seismic waves do, it is wise
o select the seismic wave as the AE wave. Moreover, the maxi-
um distance of AE sensor detection can reach over 10 m.  The AE
ave velocity in rock masses in the monitoring region is higher
han that on the surface of rocks. Thus, after calculating and test-
ng, the velocity of seismic wave with 5% increment (i.e. velocity
f approximately 5 km/s) is used for AE signals. This velocity is
dopted in the experimental sub-tunnel #2–1. Although simula-
ion results and analyses of observed AE data illustrate that a little
rror is induced and location error will be produced when using one
alue of velocity because of the rock heterogeneity in the studied
rea, the velocity employed is basically acceptable.
.2. Screening of effective AE signals
The AE signal sources during TBM tunneling would be inevitably
isturbed by rock mass rupture, rock broken by cutter head,
ainframe vibration, bolt drilling, blasting vibration and elec-
romechanical interference, etc. Except for the short-term blasting
ibration and random electromechanical interference, other inter-
erences make the sensors self-oscillated, and their vibration
nergies are basically great, thus ﬁltering the frequency noise
s not an easy task associated with present technology because
he frequency ranges of noise are surprisingly wide. During TBM
xcavation, the AE signals coming from rocks in the vicinity of
onitoring regions are very strong. For instance, rocks under
orced continuous process can produce 2 × 106 kB signals every
0–30 min, and each signal accounts for 2–3 kB. Therefore, twelve
ets of sensors can receive approximately 1 × 105 signals in one
inute at the same time. It is an impossible mission to ﬁlter the
uge number of signals artiﬁcially, although we have received over
 × 108 AE signals (about 300 GB) in total. At present, time-ﬁltering
s the most effective way to get rid of the pseudo-AE signals that
ome from the self-vibration of AE sensors. Thus, it will be used
n the paper, and the signals from TBM or bolt disturbance can be
nalyzed after ﬁltering. The limits of this method are that most of
ffective signals with enriched information will be lost, only the AE
ignals in relatively quiet state can be used, which can lead to an
llusion at different times..3. Waveform characteristics of burst AE signals
Waveforms of various types of AE signals received from burst
ensors are captured. However, it is not easy to analyze each
H
w
s
b(3)
9  3.5D Y(3)13+383.1 16/12/2009|04:50:00
ignal individually and to illustrate all characteristics of wave-
orms of AE signals associated with complex patterns. Thus, we
resent two typical AE signals, as shown in Fig. 6. In order
o achieve a 3D location, one signal should be received by
hree or more sensors at the same time and those signals
eceived by different sensors should be identical as possi-
le.
. AE monitoring process
When the working face advanced 50 m before the monitoring
rea, AE monitoring began to work till the working face was 150 m
way from the monitoring system. Basically, AE monitoring will
ast for approximately 20 days. For the headrace tunnels with a
iameter of 12.4 m,  the AE monitoring process can be divided into
hree stages, nine steps in total according to the relation between
BM excavation distance and tunnel diameter. The three stages
re:
1) Before the working face arrived at the center of the monitoring
area (from −3.5D to −0.5D, where D is the tunnel diameter).
2) The working face arrived at the center of the monitoring area
(−0.5D to 0.5D).
3) After the working face left the center of the monitoring area
(0.5D–3.5D).
The construction schedule in nine steps is shown in Table 1.
.1. Signal characteristics before excavation
Before the working face arrived at the center of the monitoring
rea, few shock signals were captured, which means that valid posi-
ioning events could not be captured. It indicates that the TBM has
o effect on the rocks in the monitoring area before the ﬁrst stage.
n this process, the rocks were stable, and there were no evident
racture signals.
.2. Signal characteristics when excavation approached
onitoring area
Before the ﬁrst and second stages (about 6.2 m away from the
enter of the monitoring area), rockbursts occurred in the mon-
toring area. The rockbursts were observed at the front of the
orking face and the top-right tunnel, basically within the distance
f 7 m.  In addition, more and more burst events were recorded
hen the working face advanced closer to the monitoring system.
owever, the regularity of the general distribution of rockbursts
as not signiﬁcantly reasonable, which showed that there were
ome micro-fractures in rocks without excavation unloading effect
efore the headrace tunnel #3 was  excavated and, moreover, more
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(a) Perfect waveform of the burst signals.
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Fig. 6. Typical waveforms of
andom events were recorded. Distribution of the burst signals in
his period of time is shown in Fig. 7.
.3. Signal characteristics when excavation was near the
onitoring section
When the TBM passed through the monitoring center, i.e. ±0.5D
about ±6.2 m),  the monitoring lasted for about 20 h, of which 12 h
ignals are valid for analysis. In this process, the headrace tunnel
3 approached gradually and excavation unloading began to have a
trong effect on the stability of surrounding rocks. The burst signals
ere observed to concentrate on the right spandrel, which means
hat spandrel part of the tunnel suffered the largest deformation
uring a short period of time after completion of the tunneling.
uring monitoring, rockbursts were observed in a concentrated
rea 1–3 m away from the tunnel wall at the right middle part
f the tunnel. The results showed that the surrounding rocks in
his region were unexpected fragile, where a structural plane was
ocated. Distribution of the burst signal in this period of time is
hown in Fig. 8..4. Signal characteristics after TBM left monitoring center
In this process, the stresses of surrounding rocks of the tunnels
ere redistributed and adjusted, and thus the rockburst signals
a
t
t
Fals containing noises.
 signal from AE monitoring.
ere distributed in the area centered around the tunnel axis. Dis-
ribution of the burst signals in this period is shown in Fig. 9.
. Analyses of AE monitoring results
.1. Distribution characteristics analysis of rockburst AE signals
After the tunnel was  completed, the rockburst AE signals were
epresented by the stress adjustment itself. The long axis-direction
f the signal distribution was  approximately consistent with the
irection of the maximum principal stress. The AE signals were
ostly concentrated in the range of 1.5–5 m away from the bore-
ole wall, and mainly concentrated in the range of 2–4 m away
rom the borehole wall. For this reason, we hereby divided the
onitoring ranges into three regions: (1) fully relaxed region of
ocks, 0–1.5 m away from the borehole wall; (2) disturbed region
f rocks, 1.5–5 m away from the borehole wall; and (3) primary
egion of rocks, 5 m away from the borehole wall. The rocks might
ossibly become parts of relaxed region, or restore to primary
ocks as a result of stress adjustment for a long period of time
fter being disturbed. This understanding accords with the aver-
ge relaxation depth, 3–4 m,  of surrounding rocks detected by
he AE method. The comprehensive distribution characteristics of
he AE signals, long after completion of excavation, are shown in
ig. 10.
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(a) 3.5D to 2.5D away from monitoring center.
(b) 2.5D to 1. 5D away from monitoring center.
(c) 1. 5D to 0. 5D away from monitoring center.
Fig. 7. Distribution characteristics of burst signals before excavation of headrace
tunnel #3.
Fig. 8. Distribution characteristics of burst signals when excavation was near the
monitoring section.
(c) 3.5D or more away from monitoring center.
(b) 1.5D–2. 5D away from monitoring center.
(a) 0.5D–1. 5D away from monitoring center.
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rom the monitoring section.
.2. Analysis of rockburst AE signals
.2.1. Energy distribution of characteristics of rockburst AE
ignals
The AE monitoring started on 1 December 2009 and ended on 31
ecember 2009. The number of valid signals captured for analysis
s 19,605; the maximum energy value of all the signals is 65,535,
he average energy value is 386, and the sum of average energy
alue is 8,941,389. Before arriving at the monitoring location (12 h
efore tunneling), the maximum energy value, the average energy
alue and the average energy value monitored are comparatively
ow. These data clearly illustrate that in situ stresses endured by
ocks are limited, and the in situ stresses have a little effect on the
tability of rocks. The AE signal intensity was  weak before the TBM
assed through the central monitoring location (in 20 h before and
fter tunneling). When the rocks were suddenly unloaded locally,
he signal energy rapidly increased to a higher level and the signal
492 W.  Cheng et al. / Journal of Rock Mechanics and Geotechnical Engineering 5 (2013) 486–494
(a) Sectional graph.
(b) 3D graph-1.
.
(c) 3D graph-2.
(d) Statistical distribution graph.
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(ig. 11. Average energy distribution characteristics of the burst signals from AE
onitoring.
ntensity was  very strong. After the working face passed through
he monitoring section 0.5 times the tunnel diameter, the signal
nergy gradually reduced, and on the whole the AE signals intensity
as weakened. The average energy value ﬁrstly decreased, then
ncreased and ﬁnally decreased again, in the range 7.5 times the
unnel diameter in one week after tunneling. It illustrates that the
ocks can endure great stress adjustment locally long after tun-
eling. The average energy distribution characteristics of the burst
ignal from AE monitoring in different phases are shown in Fig. 11.
.2.2. Penetration distance and amplitude of the burst signal
rom AE monitoring
The average time difference, T, of the positional signal away
rom some sensors was 0–1200 s, averaging 483 s. It means that
he valid distance of the positional signal away from some sensors
s 0–6 m and the valid average distance is 2.4 m.  The amplitude of
he burst signal monitored ranges from 20 dB to 99 dB, averaging
6 dB.
.2.3. Variation characteristics of AE events captured from
ockburst in the monitoring area
During the whole process of AE monitoring for rockburst, 4633
alid positioning events were recorded. In the whole process of
E monitoring, the frequency of the burst signals was relatively
igh when the tunnel advanced away from the monitoring center,
.e. −1.5D to −0.5D and −0.5D to 0.5D away from the monitoring
enter. In the range of −0.5D to 0.5D, the huge pushing force of
he TBM had signiﬁcant effects on the rock structure and stabil-
ty. Local damage was  observed and the rockburst was  few. In the
ange of 0.5D–2.5D, the headrace tunnel #3 was  formed and the
mount of rockburst was  relatively great. In the range of 3.5D or
ore, the stress in rocks was adjusted and the amount of rockburst
as reduced with rock stress adjustment and elapsed time (Fig. 12).
. Discussion
This paper has employed the AE to study the burst characteris-
ics and distribution in the rock before and after excavation of TBM
unnel. But there are still some problems and deﬁciencies for the
onitoring results:
1) TBM excavation is a continuous and dynamic process, so the
rockburst signal and various noises should occur in a continu-
ous process, too. These make it very difﬁcult to locate, recognize
and choose the AE signal. In other similar monitoring, the pro-
gram should be optimized to make the monitoring ﬁt for the
excavating progress, and to ensure the monitoring progress is
easy to be controlled, or the experiment should be conducted
in the section constructed by D&B or other methods directly.
2) The strong and continuous interference makes most of the AE
signals stack with the white noise. This increases the difﬁculty
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Fig. 12. Number of events captured from
in analyzing the AE data, making us have to give up a lot of
effective signals.
3) Due to the limitation in technology, AE signals are not analyzed
in detail. Some aspects such as frequency analysis, power anal-
ysis, signal stack, etc. are not considered, and in-depth analysis
should be conducted for the relationship between AE signal and
rock stress change.
4) Limited by monitoring conditions, the range of this location test
is a little small. This induces that a large number of concen-
trated or random AE signals of rockburst cannot be collected or
are missed, making monitoring results signiﬁcantly affected.
For other similar tests, we should enlarge the monitoring zone,
and increase the number of AE sensors, in order to detect the
distribution regularities of rockburst AE signal more easily, and
to reduce the errors caused by local factors (Barton, 2012).
. Conclusions
Through the AE monitoring in Jinping II hydropower station,
he rockburst AE signals in different stages were captured. The
ecorded data provide helpful information for optimization design
f support parameters. Some conclusions can be drawn as follows:
1) According to the relationship among monitoring location, TBM
advancing, and distribution of AE rupture, the process of AE
signals can be divided into four stages. At ﬁrst, before the TBM
approached the position −1.5D away from the monitoring cen-
ter, the great driving force of the TBM has signiﬁcant effects
on rock structure and stability, especially on locally damaged
rocks. However, no or minor deformation happened in rocks
in this stage. Secondly, when the distance between the TBM
tunnel face and monitoring center is −1.5D to −0.5D or −0.5D
to 0.5D, signiﬁcant deformations of rocks were observed, and
high and intensive frequency of AE signals occurred during the
process of stress adjustment. Next, in the range of 0.5D–2.5D,
the stress was adjusted and the rock deformed continuously.
Sudden rupture signals still existed but the number and dis-
tribution range of signals were reduced. Finally, in the range
of 3.5D or more, the ability of stress adjustment of rocks was
reduced, and the number and frequency of burst signals were
reduced signiﬁcantly (Liu et al., 2006).
2) After the headrace tunnel #3 was constructed, AE signals mon-
itored were mainly caused by the rupture of rock mass and
stress adjustment, and the long-axis orientation of burst signals
was generally in line with the maximum principal stress direc-
tion. The rockburst signals distributed radically around tunnels
along the axis center of tunnel.
F
Gng time
onitoring with elapsed time (in 2009).
3) The rupture signals monitored were mainly distributed in the
range of 1.5–5 m away from the borehole wall. The signals
were concentrated at the depth of 2–4 m inside the tunnel wall.
Therefore, complete relaxation of rock zones was located in the
range of 0–1.5 m inside the tunnel wall. The EDZ of rocks was
1.5–5 m deep inside the tunnel wall. The region behind those
areas can be considered as original status, where the property
of disturbed rocks was close to the nature state of original rocks
after stress adjustment (Liu et al., 2011).
4) Before the tunnel was completed, rockburst was  induced by
the in situ stresses, which have minor impact on the stabil-
ity of rocks. At that time, the rupture signals were weak. In
the process of TBM passing through the monitoring center
(within 20 h before and after excavation), the tunnel was com-
pleted and local rocks were suddenly unloaded. At the same
time, each energy index of AE signals rapidly reached a higher
level and the energy of signals was  great. When the working
face passed through the monitoring section 0.5D, the AE sig-
nals were reduced generally. It showed that average energy of
signals decreased ﬁrstly, then increased and ﬁnally decreased,
when the excavation was  completed. It also demonstrated that
stress adjustment of local rocks might still exist in a long period
of time after construction of tunnel (Fu, 2005).
Since energy, signal strength and absolute energy are not
irectly convertible to physical unit in applications, it is better to
reat them dimensionless.
The characteristics of rock AE signals are related to the mechani-
al properties of marble in the studied area. However, the regularity
nd representativeness still of AE signals need further veriﬁcation.
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